The data presented here demonstrate that mutational fingerprints can be effectively defined using deletion mapping for clastogens such as ionizing radiation, and that the radiation-induced mutational spectrum is independent of dose.
Introduction
There has been intensive scientific and public interest in the mutagenic and carcinogenic risk of low-dose exposures to ionizing radiation for many decades. Recent investigations have enabled the identification of specific mutagens as etiological agents in human cancers by developing a database of characterized mutations, induced under controlled laboratory circumstances, as a reference standard (Cariello and Skopek, 1993) . Analysis of mutations occurring in oncogene or tumor suppressor loci may then permit the recognition of environmental carcinogens by signature mutations similar to those identified in model target loci (Greenblatt et al, 1994) .
We have previously developed a protocol, using a human lymphoblastoid cell line, which demonstrated that the mutagenic effects of multiple exposures to X-ray doses of 1-10 cGy are additive (Grosovsky and Little, 1985) . A given total dose resulted in the same increase in mutant fraction whether that dose was administered as a single acute exposure or in multiple small fractions. Therefore, although the overall population mutant fraction reflected the total accumulated dose, each mutant in the population was induced as a result of one discrete fractionated exposure. We thus hypothesized that this approach would enable the collection of mutants induced by very small doses since the induced mutant fraction © UK Environmental Mutagen Society/Oxford University Press 1996 in the population is significantly elevated over the spontaneous background.
Recent work at the human hprt locus has demonstrated that total gene deletions provide a potentially significant distinction between the radiation-induced and spontaneous mutational spectra (Denault and Liber, 1993; Morris et al, 1993; Nelson et al, 1994 Nelson et al, , 1995 Park et al., 1995) . Deletion mapping also demonstrated that X-ray-induced total gene deletions are significantly more likely to encompass Xq26 flanking markers than those arising spontaneously (Denault and Liber, 1993; Morris et al., 1993; Nelson et al., 1995) . In this investigation we used both of these parameters to attempt to identify a y-ray-induced mutational fingerprint in HPRT~ mutants induced by 20 cGy.
Materials and methods
Cell line and marker loci TK6 is a human B lymphoblastoid cell line which has been described previously (Liber and Thilly, 1982) . Exponentially growing suspension cultures (up to 10 6 cells per ml) were maintained in RPMI 1640 with 10% ironsupplemented calf serum. The hemizygous hprt locus is located at Xq26 and consists of nine exons spanning -44 kb of genomic sequence. The genomic sequence of the entire hprt locus and flanking regions has been reported previously (Edwards et al., 1990) .
y-Irradiation and collection of mutants
Cells were irradiated in complete medium in a 137 Cs gamma source (J.L.Shepherd and Associates) at a dose rate of 10.1 cGy/min. The protocol for exposure of exponentially growing TK6 cultures to small daily fractions of ionizing radiation has been described previously (Grosovsky and Little, 1985) , and was followed here with some modifications. In order to collect mutants following fractionated low-dose exposures, 20 ml cultures were established from small initial inocula (5X10 2 cells) and expanded to-1.6XI0 7 cells. These cultures were then separated into two experimental groups, one to be irradiated acutely with 20 cGy/day, the other maintained in parallel as unirradiated controls. The irradiations continued for 10, 15 or 20 days.
Immediately following the initial 20 cGy irradiation (day I), the cultures were diluted to -4X10 5 cells/ml by the addition of 20 ml of fresh medium, and then returned to the incubator. Approximately 24 h later the cultures were once more irradiated with 20 cGy and subcultured to -4X10 3 cells/ml; the total cell number per culture was never <1.6X1O 7 . On day 10 an aliquot was removed from each culture to permit a 7 day phenotypic expression period prior to selection of HPRT" mutants, while the remainder of each culture continued to receive daily irradiations. This procedure was repeated on days 15 and 20; irradiation was discontinued following day 20. Only one mutant was collected from each independently maintained and irradiated culture. Spontaneous HPRT" mutants were collected from cultures established in parallel with those to be irradiated, and were pooled for comparative analysis with 88 spontaneous HPRT" mutants collected and analyzed previously (Giver et al, 1993; Nelson et aL, 1994 Nelson et aL, , 1995 . Also, the collection and analysis of the 116 HPRT" mutants induced by 200 cGy, presented here as a basis for comparison, were also reported previously (Nelson et al., 1994 (Nelson et al., , 1995 . Protocols for selection of HPRT" mutants have been published (Liber and Thilly, 1982; Nelson et al, 1994) . Briefly, selections are performed in 96 well dishes by seeding 4X10 4 cells per well in ordinary growth medium supplemented with 5 ug/ml of 6-thioguanine (6-TG). Cloning efficiency is determined by seeding two cells per well in non-selective medium. Colonies were scored and collected following 14 days of growth.
Intragenic and flanking marker deletion analysis
Multiplex PCR analysis of the hprt locus utilized eight primer pairs for amplification of each exon and closely neighboring intron sequences (Gibbs et al, 1990) , employing amplification protocols as described previously (Gibbs et al, 1990; Nelson et al, 1994) . Mutants exhibiting loss of the entire locus were mapped using sequence tagged sites (STS loci) closely linked to hprt. The hprt locus is oriented such that proximal, or centromeric, STS markers are 5', and distal, or telomeric, markers are 3' to the locus (Lippert et al., 1995) . Amplification conditions and map positions for Xq26 STS markers were described recently (Morris et al., 1993; Fuscoe et al., 1994; Nelson et al., 1995) . All PCR amplifications were performed using an Ericomp Thermocycler and Taq polymerase (Gibco BRL).
Statistical methods
Spontaneous, X-ray-induced (high dose), and y-ray-induced (low dose) spectra were compared using 2X2 contingency tables with mutually exclusive cells, as reported previously (Nelson et al., 1994 (Nelson et al., , 1995 . Significance levels were determined by Fisher's exact test using the software package Instat (GraphPad, San Diego, CA).
Results
The analysis of mutational spectra following low-dose exposures has generally not been possible since the number of induced mutants may be similar or significantly lower than the spontaneous background. Therefore, when a mutant is collected from a culture following a single low-dose exposure it will most likely reflect a spontaneous mutational event. The use of a fractionated exposure protocol in TK6 human lymphoblasts results in an incremental accumulation of mutants induced by each individual low-dose exposure (Grosovsky and Little, 1985) . We therefore reasoned that the frequency of induced mutants within a population at the conclusion of a fractionated exposure regimen would be sufficiently elevated to permit the recovery of a low-dose mutant collection.
The HPRT" mutant fractions obtained following daily exposure to 20 cGy of y-irradiation are shown in Table I ; also shown are the background mutant fractions in unirradiated controls carried in parallel. At day 15, the irradiated cultures exhibited a 7-fold increase over the background mutant fraction. The fold increase, but not the induced mutant fraction, declined slightly at day 20 due to an increase in the spontaneous mutation frequency in the continually growing cultures. Therefore, we chose day 15 to collect mutants for mutational spectrum analysis. We compared the observed induced mutant fraction with the values expected for the same total dose of Xirradiation delivered in a single acute exposure (Table I) . The values were found to be indistinguishable, demonstrating that the mutagenic effects of small daily fractions of 20 cGy are additive. The additive effect indicates that each mutant is the result of a single 20 cGy dose, since the mutagenic effect of multiple fractions would not otherwise be expected to be equivalent to the same total dose delivered in a single acute exposure.
Molecular analysis was designed to determine if the occurrence and extent of deletions affecting hprt could be used to discriminate between the low-dose and spontaneous mutational spectra. Initial analysis was performed using multiplex amplification of the hprt exons to detect deletions of part or all of the locus. The results are summarized in Table II , and compared with data for HPRT" mutants arising spontaneously or induced by a single acute exposure to 200 cGy (Nelson et al., 1994 (Nelson et al., , 1995 . Statistical analysis of the data identified no significant differences between mutants induced by 20 or 200 cGy. However, statistically significant differences were identified which distinguished the low-dose spectrum from the spontaneous background. Complete deletion of the entire hprt locus was highly significant, accounting for 15/54 HPRT" mutants induced by 20 cGy but only 10/107 spontaneous mutants {P = 0.0047; Table II) .
Deletions encompassing the entire locus were then further mapped by using a series of 12 STS markers within Xq26 Each data point represents the mean value of 54 independent replicates for irradiated cultures and 20 independent replicates for unirradiated controls. Error estimates shown are 95% confidence intervals of the mean. c Induced mutant fractions are calculated by subtracting the background mutant fraction determined for unirradiated controls from the mutant fraction measured in irradiated cultures. The expected induced mutant fraction reflect the same total dose of radiation delivered in a single acute exposure, and are derived from the slope of the dose-response curve previously reported (6X10"* mutants/cGy; Grosovsky and Little, 1985) . 'Statistically significant differences between the spontaneous data and either set of radiation-induced mutants are shown. Significance was calculated using Fisher's exact test and a two-tailed value of P. The two radiationinduced mutant collections were not significantly different from each other in any category. b Partial gene deletions include internal deletions containing two breakpoints within the hprt locus, and terminal deletions defined as one beakpoint within hprt and one breakpoint 3' or 5' to the locus. Total gene deletions encompass all hprt exons. Xq26 marker loss refers to total gene deletions which extend to include at least one neighboring Xq26 STS marker. The 200 cGy data and 78 of the spontaneous mutants were reported previously (Nelson et al., 1995) and are shown here for comparison to the low dose data. d Mutants in the high dose category were induced by a single acute exposure to 200 cGy of X-irradiation. Collection of low dose mutants was performed following 15 daily acute 20 cGy exposures to l37 Cs Y-irradiation. The population mutation frequency reflects the total dose (300 cGy), but each individual mutant is induced by a single 20 cGy fraction. encompassing a region of ~3.3 Mb (Figure 1) , although previous evidence suggests the existence of a gene affecting cell growth rate, within the vicinity of 342R, which establishes the telomeric limit of recoverable deletions (Nelson et at, 1995) . Within the low-dose spectrum, 9/54 (0.167) HPRT" mutants were missing at least one STS marker (Table II and (Table II and Figure 2) . Furthermore, the mapping data suggest a bimodal distribution of deletion sizes in a Categories of large deletions which significantly distinguish radiation (200 or 20 cGy) and spontaneous mutational spectra. The statistical significance of the differences was tested using Fisher's exact test on 2X2 comparisons, and is shown in Table II. manner resembling deletions induced by exposure to high doses of X-irradiation (Nelson et ai, 1995) . Deletions were either confined to the relatively local region surrounding hprt or were very extensive; only one deletion involved a single closely neighboring STS marker (Figure la) . These data explain the linearity of the dose response (Table I; Grosovsky and Little, 1985) and indicate that the radiation-induced mutational spectrum is independent of dose.
Discussion
Previous investigations of the mutational specificity of ionizing radiation in human cells (Denault and Liber, 1993; Morris et at, 1993; Nelson et ai, 1994 Nelson et ai, , 1995 Park et ai, 1995) have used relatively high acute doses of y-or X-rays. Human exposure to ionizing radiation is not, however, ordinarily received in a single large dose. Rather, most exposures occur in small, discontinuous or fractionated doses. The results presented here demonstrate that the mutational spectrum is independent of y-ray dose in human lymphoblastoid cells. Furthermore, we have identified a distinguishing component of the radiation mutational spectrum which provides a 20-fold level of discrimination from a parallel collection of spontaneous mutants. Environmental, occupational and medical sources of exposure to ionizing radiation are numerous, resulting in an average annual dose in the USA of 3.6 mSv, approximately equivalent to 0.36 cGy of y-radiation (BEIR V). Results presented here (Table I ) and in previous studies (Grosovsky and Little, 1985; Konig and Kiefer, 1988; Kronenberg and Little, 1989 ) using human lymphoblasts demonstrate that the mutagenic effect of daily fractions as small as 1 cGy is additive, and that the dose response for radiation-induced mutations is linear. Studies in primary human fibroblasts also demonstrate a linear dose response for radiation-induced HPRT mutations (Tsuboi et aL, 1992) . Interestingly, the dose-response relationship for radiation-induced breast cancer appears to have a strong linear component, and fractionated doses appear to present the same risk as an equivalent dose delivered within a single brief period (BEIR V, 1990) . This response resembles the results we have reported (Table I ; Grosovsky and Little, 1985) for the induction of mutations in TK6 human lymphoblasts by multiple lowdose exposures to y-radiation, and is also consistent with the dose independence of the radiation-induced mutational signature (Table II and Figure 2 ). These observations suggest that radiation-induced mutations may accumulate in vivo, and therefore the mutant fraction may reflect lifetime exposure to radiation. For example, an average 60-year-old individual would have accumulated 21.6 cGy, approximately the same dose as the 20 cGy exposures used to collect radiation-induced mutants in this investigation. This lifetime dose may be significantly larger in some circumstances. Tobacco smoke contains the natural a-emitter 2l0 Po, which can lead to rather large doses of up to 0.2 Sv per year in the bronchial epithelium of smokers (BEIR V, 1990) . Workers who are occupationally exposed to radiation may potentially receive 20 cGy in 4 years of employment, since the occupational exposure limit is currently established at 5 cGy per year (BEIR V, 1990) . Emergency response workers may receive higher short term exposures: up to 25 cGy was permitted for workers responding to the Chernobyl accident, for example. Finally, large doses of radiation may be administered in nuclear medicine procedures, and may contribute to new malignancies arising within the field of irradiation in radiotherapy patients (BEIR V, 1990) .
Current exposure standards rely on extrapolation from highdose studies in laboratory animals, or epidemiological investigations in instances of human radiation exposure (BEIR V, 1990) . The identification of a radiation-specific mutational spectrum can potentially improve estimates of low-dose risk by direct recognition of mutants in exposed populations. An ideal mutational fingerprint, for any specific environmental carcinogen exposure, would be common among induced mutants and absent among unexposed controls. A less common but equally specific induced change could also be used as a biomarker, but would require the analysis of a larger number of individual mutants. Mutational fingerprints have generally been defined at the DNA sequence level, in part reflecting the large database of induced DNA sequence alterations for a wide variety of mutagens in Escherichia coli (Gordon et aL, 1988) . We have recently reported that the spectrum of X-ray-induced point mutations at the hprt and fit loci in TK6 lymphoblasts are very similar to each other, but differences from the spontaneous background are only marginally significant (Nelson et aL, 1994; Giver et aL, 1995) . The data presented here (Table II, and Figures 1 and 2 ) demonstrate that mutational fingerprints can also be effectively defined using deletion mapping for clastogens such as ionizing radiation, and, indeed, may be the only available mutational category with significant specificity for induced events. Deletions encompassing one or more Xq26 STS markers represented only 1/107 (0.009) spontaneous HPRT" mutants but 34/170 (0.20) mutants induced by 20 or 200 cGy of ionizing radiation (Table II, and Figures 1  and 2 ; P < 0.0001). Therefore, this category corresponds well to the criteria delineated above for a useful mutational fingerprint in both specificity and abundance.
Although these results are highly significant, and provide a promising approach for population studies, it remains to be determined the extent to which these results are a good model for other cell lines and for a broad variety of cell types in vivo. Several recent studies have investigated the inclusion of at least some flanking markers in spontaneous or radiation (150-200 cGy)-induced HPRT deletions in TK6 cells (Denault and Liber, 1993; Bao et aL, 1995; Nelson et aL, 1995; Phillips et aL, 1995) . Taken as a whole with the data reported here (Table II) , the deletion of one or more Xq26 markers occurs in 7/178 (0.04) spontaneous and 74/261 (0.28) radiationinduced HPRT mutants (P < 0.0001). A recent study using WTK1 cells, a human B lymphoblastoid cell line which is related to TK6, reported flanking marker loss in 1/56 (0.02) spontaneous and 19/68 (0.28) X-ray-induced HPRT mutants (Phillips et aL, 1995) . Only two studies have been reported using primary cells to examine the inclusion of flanking Xq26 markers in HPRT deletions. One investigation, using primary diploid fibroblasts, reported that 4/9 radiation-induced HPRT total gene deletions encompassed at least one flanking marker (Morris et aL, 1993) . Some data are also available for human peripheral blood T-lymphocytes irradiated in vitro: 10/24 independent HPRT mutants exhibited deletion of one or more flanking markers (O'Neill et aL, 1990; Nicklas et aL, 1991) . These results are comparable to the larger data set in TK6 and suggest that the use of deletion size as a radiation-specific mutational fingerprint may be generalizable. Furthermore, these data suggest that screening a collection of HPRT mutants for evidence of radiation induction may be quickly and economically accomplished by a single multiplex PCR amplification of the STS markers 931L and 931R, immediately flanking hprt (Figure 1 ).
HPRT total gene deletions can be effectively grouped into two size categories: deletions were either confined to the relatively local region surrounding hprt or were very extensive. Only 1/66 spontaneous or radiation-induced total gene deletions was recovered encompassing hprt and a single flanking marker (Table II) . We previously proposed that this bimodal distribution may reflect two distinct mechanisms for the creation of large deletions (Nelson et aL, 1995) . In this model, the occurrence of a double strand break (DSB) in the vicinity of hprt could result in a localized deletion, whereas extensive deletions reflect two DSBs within non-essential regions flanking hprt. The induction of two DSBs need not require independent events, but could instead reflect the passage of a single photon through a highly folded chromatin structure. The increased likelihood of two DSBs in irradiated cells could account for the significant increase of extensive deletions observed among radiation-induced HPRT mutants. Megabase scale HPRT" total gene deletions are rare among spontaneous mutants (1/10, 0.10) but are the majority of radiation-induced events, and represent the same proportion of deletions induced by either 20 cGy (9/15 , 0.60) or 200 cGy (25/41, 0.61). Since the same proportion of megabase scale deletions was recovered in mutants induced by 20 or 200 cGy, these results support the idea that a single photon passage is involved. The alternative hypothesis of two DSBs induced by two independent photon passages would be dose dependent.
The data presented here demonstrate that, for cells exhibiting a linear dose response for radiation-induced mutations, it is the interaction of a photon with the DNA in the region of a gene of interest, rather than the number of hits to the genome as a whole, that is important in determining the resulting mutational spectrum. The higher fiuence of photons in highdose irradiations simply affects the probability, but not the character, of potentially mutagenic DNA damage. Therefore, for cell types exhibiting a linear induction of mutations with increasing radiation dose, mutational specificity information obtained using high doses may be applied to multiple lowdose exposures typical in human populations. Furthermore, this may also be applicable in cell types displaying a linear quadratic dose response, since the low-dose region would be predominated by the linear component.
